AbstrAct
Objective Limited Mendelian randomization (MR) studies have assessed the causal relationship between serum uric acid levels and diabetes risk. Here we investigated causality between the serum uric acid concentration and diabetes risk in Chinese population. Research design and methods The observational analysis, based on the Dongfeng-Tongji prospective cohort (n=15 195) we tested the association of serum uric acid levels with incident diabetes risk. In the instrumental variable analysis, we examined the association of the genetic risk score (GRS) of serum uric acid with diabetes risk in case-control design (2539 cases and 4595 controls) via MR analysis. Results During a mean (SD) follow-up of 4.5 (0.5) years, 1156 incident diabetes cases were identified. Compared with those in the lowest quintile of serum uric acid levels, the HRs of incident diabetes were 1.19 (95% CI 0.96 to 1.48), 1.12 (95% CI 0.90 to 1.40), 1.38 (95% CI 1.12 to 1.70), and 1.51 (95% CI 1.23 to 1.87) for Q2, Q3, Q4 and Q5, respectively (P-trend <0.001). The GRS was strongly associated with serum uric acid levels (β=0.17, 95% CI 0.15 to 0.19; P=2.81×10 -67 ). However, no significant association was observed between the GRS and diabetes risk (OR=1.01, 95 CI 0.95 to 1.06; P=0.75). Conclusions Even though serum uric acid levels were significantly associated with increased incident diabetes risk, the results did not provide evidence for a causal relationship between them.
InTROduCTIOn
Type 2 diabetes (T2D) is a metabolic disorder characterized by impaired insulin sensitivity and increased insulin resistance. According to recent report, the worldwide diabetes prevalence increased from 4.3% in 1980 to 9.0% in 2014 in men, and from 5.0% to 7.9% in women, the total numbers of adults with diabetes was estimated to be 422 million in 2014. 1 The pathogenesis of T2D involves genetic factors, environmental factors, and their interaction. 2 Hyperuricemia was considered to precede gout and also be associated with increased risk of cardiovascular disease, 3 insulin resistance, 4 and metabolic syndrome. 5 6 In recent decades, a number of prospective observational studies reported positive association between serum uric acid levels and incident diabetes risk, [7] [8] [9] in contrast, some indicated negative association, 10 or supported bystander role of serum uric acid levels in diabetes development. 11 A recent meta-analysis indicated that in the general population with each 59.48 µmol/L uric acid concentration increase, the incident diabetes risk increased by 13%. 12 However, whether serum uric acid levels are causally correlated with the development of diabetes, is still a matter of debate. 13 Meanwhile, serum uric acid levels were significantly associated with some potential risk factors of diabetes; therefore, it is difficult to identify the independent effects of serum uric acid on diabetes risk in observational studies.
significance of this study
What is already known about this subject? Mendelian randomization study (MR) has been applied to identify the causal relationship between risk factors and outcomes. 14 The main assumption of MR is, if a genetic variant is significantly associated with the risk factor, the association of a genetic variant with disease outcome can be evaluated independent of confounding factors. So far, limited MR studies assessed the causal relationship between serum uric acid levels and diabetes risk with null findings. [15] [16] [17] In addition, most of the MR studies were conducted in European ancestry. [15] [16] [17] Therefore, more MR studies to investigate the causal associations of serum uric acid with diabetes risk especially in different population were warranted.
In the current study, first we examined the associations of serum uric acid levels with incident diabetes risk in a prospective cohort study, furthermore, we selected 15 uric acid-associated single nucleotide polymorphisms (SNPs) that were identified in previous large-scale genome-wide association study as instrumental variable to conduct the MR analysis exploring whether there was causal relationship between serum uric acid levels and diabetes risk.
MeTHOds study populations
The Dongfeng-Tongji (DFTJ) cohort study is an ongoing prospective cohort study with 27 009 participants at baseline. Detailed baseline profiles of this study have been reported elsewhere. 18 Briefly, the DFTJ cohort was launched in 2008 in the Dongfeng Motor Corporation in Shiyan city, Hubei province, China. Between 2008 and 2010, a total of 27 009 retirees were recruited and answered the questionnaires, participated in physical examination and provided fasting blood samples. Trained investigators collected information on socio-demographics, lifestyles factors, health status and medical history via questionnaires by face-to-face interviews. During April 2013 to October 2013, the first follow-up investigation was conducted and 96.2% (25 978/27 009) of participants were successfully followed up.
For the observational analysis, individuals with selfreported stroke, ischemic heart disease, or cancer at baseline (n=5932) were excluded. To explore the association between serum uric acid levels and incident diabetes risk, participants with prevalent diabetes (n=3538) and with missing data of serum uric acid levels (n=1742) at baseline were also excluded. Participants with missing follow-up data were further excluded (n=602). Finally, leaving 15 195 participants (6655 males and 8540 females) for further observational analysis. Among the whole cohort population, genotype data were available in 7532 individuals. After exclusion of individuals with missing follow-up data (n=127) or with missing uric acid data (n=271), leaving 7134 participants (3574 males and 3560 females) for the MR analysis. Detailed study design and inclusion and exclusion criteria for the current research were summarized in figure 1 All participants provided written informed consent.
Assessment of diabetes mellitus
Diabetes were defined if one or more of the following criteria were met: (1) fasting plasma glucose (FPG)≥7.0 mmol/L;
(2) self-reported physiciandiagnosed diabetes or currently taking anti-diabetic medication; (3) hemoglobin A 1c (HbA 1c )≥6.5%. Cut-off value of FPG and HbA 1c for diagnosis of diabetes were recommended by the American Diabetes Association. 19 In the present study, we did not differentiate types of diabetes.
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Assessment of hyperuricemia Hyperuricemia was identified according to any of the following criteria: self-reported physician-diagnosed gout or taking anti-gout medication or males with serum uric acid levels≥420 µmol/L or females with serum uric acid levels≥360 µmol/L. 20 According to the quintiles of gender-specific distribution, serum uric acid levels were grouped into five categories:<260, 260-298, 299-335, 336-384 and ≥385 µmol/L for males; and <202, 202-236, 237-266, 267-308 and ≥309 µmol/L for females.
Measurement of uric acid levels and other covariates
Baseline information on socio-demographics, lifestyles factors, health status, and medical history were obtained by face-to-face interviews through questionnaires. Standing height, body weight and waist circumference (WC) were measured with light indoor clothing and without shoes. Physically active was defined as having exercise regularly for at least 20 min each time in the past 6 months. Current smokers were those who smoke at least one cigarette per day and continued more than half a year. Ex-smokers were those who have quitted smoking for more than half a year. Current alcohol consumers were those who drink at least one time per week and continued more than half a year. Abstainers were those who have stopped drinking for more than half a year. Prevalent hypertension was defined as blood pressure ≥140/90 mm Hg, or taking anti-hypertensive medication or self-reported of physician-diagnosed hypertension. Body mass index (BMI) was calculated by weight in kilograms divided by square of height in meters. We calculated estimated glomerular filtration rate (eGFR) using the Chronic Kidney Disease Epidemiology Collaboration equation 21 . Levels of serum uric acid, creatinine and serum lipids were determined using ARCHITECT Ci8200 automatic analyzer (ABBOTT Laboratories, Abbott Park, Illinois, USA). FPG concentrations were measured with Glucose Oxidase method by Aeroset Automatic analyzer (Abbott Laboratories). HbA 1c levels were measured with high-performance liquid chromatography D-10 system (Bio-Rad Laboratories. Hercules, California, USA).
Genotyping and quality control
Reported SNPs were downloaded from website of Genome-Wide Association Studies (GWAS) catalog (https://www. ebi. ac. uk/ gwas/). We searched the website of GWAS catalog for all relevant studies until March 8th, 2018 by searching for 'uric acid' or 'urate'. Finally, 72 SNPs passed the significant threshold of <5×10 -8 in previous large-scale genome-wide association studies. [22] [23] [24] [25] [26] Detailed information of individual SNPs was described in online supplementary table 1. We selected SNPs that passed quality control criteria, including (1) minor allele frequency (MAF) >0.05; (2) Hardy-Weinberg equilibrium test (P values≥0.05); and (3) call rate >95%. In addition, after linkage disequilibrium test and conditional analysis, we chose SNPs that passed the threshold of at least p<0.05 in the present study. Detailed results of linkage disequilibrium test were displayed in online supplementary table 2. Finally, 15 SNPs mapped in or near PDZK1 (rs1471633), TRIM46 (rs11264341), SLC17A1 (rs1165151), RFT1 (rs6770152), NRXN2 (rs478607), SLC2A9 (rs11722228 and rs3775948), ABCG2 (rs2231142 and rs3114018), LRP2 (rs2544390), STC1 (rs17786744), HNF4G (rs2941484), SLC22A12 (rs505802), IGF1R (rs6598541) and BCAS3 (rs2079742) were selected for further Mendelian randomization analysis. The genotypes of the selected 15 SNPs were derived from the Affymetrix Genome-Wide Human SNP Array 6.0 Chips and Illumina Infinium OmniZhonghua-8 Chips. The genotype procedure and quality control have been described in detail in previous studies. 27 28 statistical analysis In observational analysis, we used Cox proportional hazard regression model to estimate the multivariable adjusted HRs of serum uric acid levels and hyperuricemia on incident diabetes risk. We adopted linear regression model to estimate the association of individual SNPs and the GRS with serum uric acid levels. A conditional analysis was applied with linear regression model to examine the independence of correlated SNPs. We examined the association of the GRS with potential confounders using linear regression (for quantitative variables) and logistic regression (for qualitative variables) model. Logistic regression model was also applied to calculate OR of diabetes risk for individual SNPs and the GRS with additive genetic models. Furthermore, the expected effect sizes (β E ) of individual SNPs and the GRS on diabetes risk were calculated based on the effect sizes (β GB ) of individual SNPs and the GRS on serum uric acid levels and the observed effect sizes (β BD ) of serum uric acid levels on diabetes risk: β E= β GB× β BD . 29 The differences between expected effect size and observed effect size were tested by students' t test. 30 We further conducted weighted median, inverse-variance weighted, and MR-Egger methods to estimate the causal effect of serum uric acid levels on diabetes risk. 31 In addition, we calculated F statistic for instrumental variable selection, F statistic greater than 10 is evidence of a strong instrumental variable. Detailed information of F statistic calculation was summarized in online supplementary table 3. Statistical analyses were performed with SAS V.9.1 and R V.3.5.0 (R Project for Statistical Computing, Package: 'Mendelian Randomization').
ResulTs
In the observational analysis, a total of 15 195 individuals were included in the current study. The mean (SD) of age was 61.5 (7.6) years, and 43.8% were males. The mean (SD) of baseline serum uric acid levels were 287.18 (79.97) µmol/L among the whole population, 304.94 (82.37) µmol/L for those who developed incident diabetes and 285.71 (79.59) µmol/L for those did not develop diabetes during the follow-up period. During a mean (SD) follow-up of 4.5 (0.5) years, 1156 incident diabetes cases were identified. The incidence rate of diabetes in the present population was 7.6%, and 44.8% of them were males. Detailed baseline characteristics of the participants stratified by quintiles of baseline serum uric acid levels were summarized in table 1. Individuals with higher serum uric acid concentration tended to have higher levels of BMI, WC, blood pressure, FPG, triglyceride, total cholesterol, low density lipoproteincholesterol, serum creatinine, and higher prevalence rate of hypertension and hyperlipidemia, in contrast, lower levels of high density lipoprotein-cholesterol (HDL-C) and eGFR. Baseline characteristics of the individuals included in the analysis and those lost to follow-up were similar (online supplementary table 4). In the MR analyses, a total of 7134 participants (2539 prevalent diabetes cases and 4595 non-diabetic controls) with genotype data were included. The mean (SD) of age was 63.4 (7.5) years and 50.1% were males. Online supplementary table 5 presented the characteristics of participants in the MR analysis.
Association of serum uric acid concentration with incident diabetes risk
In the observational analyses, compared with those in the lowest quintile of serum uric acid levels, individuals in the higher quintiles of uric acid had higher incident diabetes risk. The HRs of incident diabetes were 1.19 (95% CI 0.96, 1.48), 1.12 (95% CI 0.90, 1.40), 1.38 (95% CI 1.12, 1.70), and 1.51 (95% CI 1.23, 1.87) for individuals in Q2, Q3, Q4, and Q5, respectively (P-trend <0.001; Model 2) (table 2). The observed association attenuated but remained significant after further adjustment for baseline FPG levels (P-trend=0.003; Models 3) (table 2) . When modeling as continuous variable, per SD (79.96 µmol/L) of serum uric acid levels increase was significantly associated with 1.10 fold higher incident diabetes risk after further adjustment for potential covariates and baseline FPG levels (95% CI 1.02 to 1.17; p=0.007) (table 2).
Association of genetic variants with serum uric acid levels and diabetes risk
No significant association was observed between the GRS and potential confounders of diabetes except for smoking status (P=0.02) with marginal significance (online supplementary table 6). All selected fifteen variants were significantly and positively associated with serum uric acid concentration. The effects attenuated but remained significant after adjustment for confounders, including age, sex, BMI, smoking status, drinking status, physical activity, and eGFR (β ranged from 0.03 µmol/L to 0.17 µmol/L) (table 3). The individual SNPs were not associated with diabetes risk in both univariate and multivariable models (table 3 and online supplementary table 7) .
For the association of GRS with normal scores of uric acid levels and diabetes risk, β and OR were both obtained by per 1SD increase in genetic risk score.
In the MR analysis, we calculated GRS by summing the number of uric acid-raising alleles. The results indicated that higher GRS was strongly associated with higher serum uric acid concentration (β=0.17, 95% CI 0.15 to 0.19; P=2.81×10 -67 ) (table 3). The GRS accounted for 2.9% of uric acid variance in the present population. No significant association was observed between the GRS and diabetes risk (OR=1.01, 95% CI 0.95 to 1.06; P=0.75) (table 3) . The associations of the individual SNP or GRS with diabetes risk were not different from the expected associations based on the observed associations between these SNPs (or GRS) and serum uric acid levels and the association between uric acid levels and diabetes risk (table 3) . Similarly, we did not obtain evidence for causal association of GRS and diabetes risk when three different methods (weighted median based, inverse-variance weighted, and MR-Egger) were conducted (online supplementary table 8).
dIsCussIOn

Main findings
In the current large prospective cohort study we found that higher levels of serum uric acid were independently and significantly associated with an increased risk of incident diabetes. However, our findings did not support the causal role of serum uric acid levels in diabetes.
Observational analysis between serum uric acid levels and diabetes risk
Most of the previous observational studies supported positive association between serum uric acid levels and diabetes risk. 12 32-35 Our results were in line with these findings. Moreover, in the present study the positive associations attenuated but remained significant after further adjustment for baseline fasting glucose levels, indicating the independent effects of uric acid on diabetes risk, consistent with previous study. 9 Several potential mechanisms might account for the positive association between them. Insulin resistance is considered to be the main pathogenic mechanism underlying type 2 diabetes, 36 and is mediated partly by inflammation and oxidative stress. 37 Studies showed that serum uric acid played an important role in inducing inflammation and oxidative stress in adipocytes, 38 39 which were closely correlated with the occurrence of type 2 diabetes. 40 41 Moreover, experimental studies demonstrated that uric acid could directly impair insulin signaling by interfering with it at receptor level 42 and raising uric acid with fructose could cause insulin resistance. 43 In addition, evidence from human intervention studies indicated that uric acidlowering treatment could improve insulin resistance in chronic heart failure subjects with hyperuricemia 44 and decrease diabetes risk in patients with gout, 45 while other intervention study showed that urate acid-lowering agent could not improve endothelial function in type 2 diabetes cases. 46 Although numerous studies indicated that uric acid plays an important role in the development 43 45 47 however, evidences also suggested that uric acid was also related to diabetes risk markers 5 48 49 and uric acid might only play bystander role in diabetes risk. Therefore, whether there were causal associations between serum uric acid and diabetes risk still remained to be investigated.
Instrumental analysis between genetic variants and diabetes risk
MR analysis is a valid approach to explore causality. So far, three MR studies assessed the causal relationship between serum uric acid levels and diabetes risk with null findings. [15] [16] [17] Among these MR studies, two studies conducted in Europeans found null causal associations of uric acid on diabetes risk with eight and 24 SNPs as instrumental variables respectively. 15 16 Another MR study 17 enrolled both Europeans and South Asians found that circulating serum urate levels were not causally correlated with cardio-metabolic diseases including T2D. However, this study was conducted using summary level data and did not control for potential mediators between genotypes and disease risk. Therefore, more MR studies to investigate the causal associations of serum uric acid with diabetes risk especially in different populations were warranted. MR method is applied in epidemiology to test the causality of associations between risk factors and outcomes, 14 which is based on the random assortment of alleles/genotypes transferred from parent to offspring at the time of gamete formation. The results of MR study are based on the following assumptions. First, single genetic variants and/or instrumental variables (GRS) should be associated with risk factor of interest. In the present study, all SNPs we selected were strongly associated with serum acid concentrations in large-scale genome-wide association studies [22] [23] [24] [25] [26] and also validated in the present population. In addition, all SNPs we selected were not in linkage disequilibrium with each other and conditional analysis indicated these SNPs were independently associated with serum uric acid levels. Second, genetic variants should be independent of potential confounders. No significant associations were observed between the GRS and potential confounders, except for smoking status with marginally significance. When we additionally adjusted for smoking status in instrumental variable estimates on diabetes risk, the null-effect remained (online supplementary table 7). Finally, single genetic variants and/or instrumental variables (GRS) should affect the outcomes only through the risk factor of interest. This assumption depends on background knowledge of the underlying biology. Most of the SNPs we selected are mapped in or near genes responsible for cellular transport of uric acid, which suggests that these SNPs might directly influence serum uric acid levels. However, one previous phenomewide association study found that missense SNP rs2231142 in ABCG2 gene was also correlated with blood pressure levels and protoporphyrin levels, 50 suggesting pleiotropy. Besides, the initial reports on SLC2A9 described Epidemiology/Health Services Research a fructose and glucose transport activity, 51 52 indicating pleiotropy nature of SLC2A9 gene. However, when we additionally excluded these potential pleiotropy SNPs in ABCG2 and SLC2A9 from instrumental analysis, the null-effect still remained (online supplementary table 9 ). Additionally, we used the MR-Egger regression methods to test the potential pleiotropy nature of SNPs. 31 The intercept term estimated from MR-Egger regression was cantered at the origin with a CI including the null, suggesting that our results were not being influenced by pleiotropy. In the current study, no significant association was observed between the genetic score and diabetes risk (OR=1.01, 95 CI 0.95 to 1.06; p=0.75), which was in line with the results of previous MR studies. [15] [16] [17] In addition, when we estimated the association between the genetic score and diabetes risk based on the previous reported SNPs that independently associated with serum uric acid levels in Chinese population 24 , the null-effect still remained (online supplementary table 10). This might be due to the relatively small sample size in MR analysis, the limited SNPs included and the relative minor effects of SNPs on uric acid levels.
strengths and limitations
Strengths of the current study included its large sample size, prospective design, and standardized measurements of diabetes risk factors. Both in observational analysis and instrumental analysis, we took a wide spectrum of known or potential confounders of diabetes risk into consideration, including socio-demographics, lifestyles factors, and biochemical factors. In addition, we used multiple uncorrelated SNPs associated with serum uric acid levels to calculate GRS, which increased the precision of the estimate. However, there are several potential limitations tha ould be considered in the current study. First, in line with previous MR studies, 15 16 in the current study the GRS only explained 2.9% of serum uric acid variation. Finding more uric acid susceptibility loci was warranted to investigate the causal associations in future studies. Second, our analyses were confined to middle-aged and elderly Chinese population, which limits generalizability to other ancestries or the young population. Finally, we cannot exclude the possibility of residual confounding, although we took possible risk factors of diabetes into consideration.
In conclusion, even though serum uric acid levels were significantly associated with increased incident diabetes risk, the results from Mendelian randomization study did not provide evidence for a causal relationship between serum uric acid levels and diabetes risk.
